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Abstract

Structural interactions between the endoplasmic reticular (ER) and mitochondrial membranes, in domains known as mitochondria-associated
membranes (MAM), are crucial hubs for cellular signaling and cell fate. Particularly, these inter-organelle contact sites allow the transfer of
calcium from the ER to mitochondria through the voltage-dependent anion channel (VDAC)/glucose-regulated protein 75 (GRP75)/inositol 1,4,5-
triphosphate receptor (IP3R) calcium channeling complex. While this subcellular compartment is under intense investigation in both physiological
and pathological conditions, no simple and sensitive method exists to quantify the endogenous amount of ER-mitochondria contact in cells.
Similarly, MAMs are highly dynamic structures, and there is no suitable approach to follow modifications of ER-mitochondria interactions without
protein overexpression. Here, we report an optimized protocol based on the use of an in situ proximity ligation assay to visualize and quantify
endogenous ER-mitochondria interactions in fixed cells by using the close proximity between proteins of the outer mitochondrial membrane
(VDAC1) and of the ER membrane (IP3R1) at the MAM interface. Similar in situ proximity ligation experiments can also be performed with the
GRP75/IP3R1 and cyclophilin D/IP3R1 pairs of antibodies. This assay provides several advantages over other imaging procedures, as it is highly
specific, sensitive, and suitable to multiple-condition testing. Therefore, the use of this in situ proximity ligation assay should be helpful to better
understand the physiological regulations of ER-mitochondria interactions, as well as their role in pathological contexts.

Video Link

The video component of this article can be found at http://www.jove.com/video/54899/

Introduction

Mitochondria and endoplasmic reticulum (ER) are not independent organelles in the cell, but they interact structurally and functionally at contact
sites defined as mitochondria-associated endoplasmic reticulum membranes (MAM). In fact, MAMs correspond to regions where the membranes
of the ER and mitochondria are closely apposed, allowing interactions between proteins from both sides. Nonetheless, the membranes of
these organelles do not fuse within these regions, so they maintain their separate entities. The MAMs play a crucial role in calcium (Ca2+) and
phospholipid transfer from ER to mitochondria, impacting energy metabolism and cell survival1-3.

The association between the ER and mitochondria was first visualized in the 1970s with electron microscopy. Since then, transmission electron
microscopy4,5, electron tomography6,7 or immuno-localization of ER and mitochondria-specific fluorophores/fluorescent proteins8 were classically
used to study ER-mitochondria interactions. Another useful tool for the analysis of MAM is based on the use of subcellular fractionation. It allows
the isolation of MAM fractions by differential ultracentrifugation coupled to a Percoll gradient9. However, the final product contains enriched
MAM fractions, rather than pure fractions. Altogether, these strategies are not particularly sensitive and/or quantitative, and they are not easily
amenable to large screening. Alternatively, genetic approaches using drug-inducible fluorescent inter-organelle linkers have emerged, but they
do not allow the analysis of organelle interactions at the endogenous expression levels of proteins10.

Based on Szabadkai's discovery of the IP3R/GRP75/VDAC complex at the MAM11, we developed a quantitative method to analyze ER-
mitochondria interactions. We used the in situ proximity ligation assay to detect and quantify interactions between VDAC1 and IP3R1, two
organelle-surface proteins involved in the Ca2+-channeling complex at the MAM interface in fixed cells12. Briefly, we probed VDAC1 at the outer
mitochondrial membrane (mouse anti-VDAC1 primary antibody) and IP3R1 at the ER membrane (rabbit anti-IP3R1 primary antibody) (Figure 1,
panel a). Then, according to the assay, we added both anti-mouse and anti-rabbit IgG (mouse and rabbit proximity ligation assay probes), which
are conjugated to complementary oligonucleotide extensions. If the two targeted proteins are at a distance below 40 nm, the oligonucleotides
can hybridize with the subsequently added connector oligos to allow the formation of a circular DNA template (Figure 1, panel b). This circular
DNA molecule is ligated and amplified, creating a single-stranded DNA product covalently attached to one of the proximity probes (Figure
1, panel c). Since the distance between the ER and mitochondria at the MAM interface ranges from 10 nm to 25 nm6, proximity ligation and
amplification can be done, leading to subsequent detection due to the hybridization of Texas red-labeled oligonucleotides probes (Figure 1,
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panel d). Each fluorescent dot represents interactions between VDAC1/IP3R1, thus allowing the quantification of in situ ER-mitochondria
interactions in individual cells.

 

Figure 1: Schematic Illustration of the Detection of the Endoplasmic Reticulum-mitochondria Interactions by In Situ Proximity Ligation
Assay. a) A mouse primary antibody directed against VDAC1 and a rabbit primary antibody directed against IP3R1 can bind to their epitopes
in proximity at the MAM interface, b) The addition of a pair of proximity ligation probes directed against mouse and rabbit IgG. These probes
have attached DNA strands that can form templates for the ligation of connector oligos. c) The circular DNA strand formed after ligation can be
amplified and d) visualized by microscopy as a fluorescent dot by using Texas red-labeled oligonucleotides. Please click here to view a larger
version of this figure.

Similar in situ proximity ligation assay experiments can be performed with the GRP75/IP3R1 pair of antibodies, as well as cyclophilin D (CypD)/
IP3R1 antibodies, considering that CypD was shown to interact with the IP3R/GRP75/VDAC complex at the MAM interface12-14.

Protocol

1. Preparation of Solutions

1. Prepare 10% formaldehyde in PBS (low salt) by diluting 5.5 ml of 37% formaldehyde in 14.5 ml of PBS. Prepare 1 M glycine, pH 8.0, by
dissolving 3.8 g of glycine in 50 ml of PBS; dilute this solution to obtain 100 mM glycine in 1x PBS.

2. Prepare 0.1% Triton-X100 in 1x PBS. Prepare 20x Saline Sodium Citrate (SSC) by using 3.0 M sodium chloride and 0.30 M trisodium citrate
prepared in a deionized water buffer with pH 7.0 at 25 °C. Dilute this buffer to 1x and 0.01x using deionized water.

2. Fixation of Cells

NOTE: We used the HuH7 hepatocarcinoma cell line in this study, but this method is applicable to other adherent cell cultures.

1. Plate HuH7 cells (cultured in DMEM 1 g/L glucose, supplemented with 10% fetal calf serum and 0.01% penicillin-streptomycin stock) at
150,000 cells per uncoated 35-mm glass-bottom dish. When working on primary cell cultures, use collagen-coated dishes.

2. The next day, remove the culture medium. Wash the cells with 1 ml of PBS and aspirate. Fix the cells by adding 1 ml of formaldehyde 10%
and incubate for 10 min at room temperature (RT) under agitation.

3. Stop the reaction with 1 ml of 1 M glycine and mix by rotation. Remove the stop reaction solution and wash the cells by adding 1 ml of 1x
PBS; agitate by rotation and aspirate. Add 1 ml of 100 mM glycine to the cells and incubate them for 15 min at RT under agitation, and then
aspirate.
 

NOTE: The protocol can be stopped here and the following steps can be postponed to another day. In that case, add 1 ml of 100 mM glycine
and keep at 4 °C, if necessary.

3. Permeabilization of Cells

1. Add 1 ml of 0.1% Triton-X100 in 1x PBS, incubate for 15 min at RT under agitation, and then aspirate. This incubation time could be
increased up to 15 - 20 min when working on primary cell cultures (e.g., primary mice hepatocytes). Wash the cells by adding 1 ml of 1x PBS;
aspirate.

4. Blocking

1. Add 40 µl of blocking solution to each sample (provided by the kit); this volume can be increased in order to cover the sample. Incubate the
dishes for 30 min at 37 °C in a humidity chamber.

2. Tap the blocking solution off of the dishes. Try to obtain equal residual volumes for each slide, as this will affect reproducibility. Do not let the
samples dry!
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5. Primary Antibodies

1. Dilute the primary antibodies in 1x PBS and add the solution to the dishes (VDAC1 mouse antibody: 1/100, IP3R1 rabbit antibody: 1/500).
Alternatively, GRP75 or CypD antibodies (both mouse antibodies used at 1/500) can be used instead of VDAC1.

2. Incubate overnight in a humidity chamber at 4 °C. Wash the slides two times using Tris Buffered Saline with 0.01% Tween (TBS-T).

6. Proximity Ligation Assay Probes

1. Proximity ligation assay probes are provided by the kit. Choose probes according to the species of primary antibodies.
2. Prepare the two proximity ligation assay probes 1:5 in antibody diluent. Allow the mixture to sit for 20 min at RT. Add the diluted proximity

ligation assay probe solution. Incubate the dishes in a pre-heated humidity chamber for 1 hr at 37 °C. Wash the dishes two times with TBS-T.

7. Ligation

1. Use the in situ detection reagent Texas red kit.
2. Dilute the 5x ligation stock (provided by the kit) 1:5 in high-purity water and mix well. Dilute the ligase in the 1x ligation solution (provided by

the kit) 1:40 and vortex. Wait to add the ligase until immediately before addition to the samples.
3. Add this solution to each sample (40 µl for 35-mm glass-bottom dishes) and incubate the slides in a pre-heated humidity chamber for 30 min

at 37 °C. Wash the slides two times with TBS-T.

8. Amplification

NOTE: Be careful, light sensitive reagents.

1. Dilute the 5x amplification stock (provided by the kit) 1:5 in high-purity water. Remove the polymerase from the freezer using the freezing
block (-20 °C). Dilute the polymerase (provided by the kit) 1:80 in the 1x amplification solution and vortex. Add the polymerase immediately
before using the mixture.

2. Add this solution to each sample (40 µl for 35-mm glass-bottom dishes). Incubate the slides in a pre-heated humidity chamber for 100 min at
37 °C. Tap the Amplification-Polymerase solution off of the slides.

9. Final Washing

1. Wash the slides in 1x SSC washing buffer for 2 min. Wash the slides in 0.01x SSC washing buffer for 2 min. Let the dishes dry at RT in the
dark.

10. Preparation for Imaging

1. Mount the slides using a minimal volume of mounting medium containing DAPI (aqueous and does not solidify), ensuring that no air
bubbles get caught under the cover slip. Nail polish can be used to seal the edges. Wait for approximately 15 min before analyzing using a
fluorescence or confocal microscope (excitation: 594 nm, emission: 624 nm, magnification: 63X).

2. After imaging, store the slides at -20 °C in the dark.

Representative Results

Based on our experience using this protocol, we can safely recommend this method for the visualization and quantification of ER-mitochondria
interactions in fixed cells. Representative images of in situ proximity ligation assay-visualized ER-mitochondria interactions in the HuH7
hepatocarcinoma cell line, using several pairs of antibodies, are shown. As shown in Figure 2 by fluorescent microscopy, each red dot
represents an interaction between the two targeted proteins, and nuclei appear in blue. As a negative control, the use of only one primary
antibody led to no signal (Figure 2, panel a), validating the dual recognition requirement for in situ proximity ligation assay signal generation.
Classically, we analyze ER-mitochondria interactions using the VDAC1/IP3R1 pair of antibodies (Figure 2, panel b). Similar in situ proximity
ligation assay experiments could also be performed with the GRP75/IP3R1 or CypD/IP3R1 pairs of antibodies (Figure 2, panels c and d,
respectively), since GRP75 is a chaperone coupling VDAC and IP3R at the MAM interface11 and CypD was demonstrated to interact with the
VDAC/GRP75/IP3R Ca2+-channeling complex12-14. Quantification of fluorescent dots can be performed using either Blob-finder15 or ImageJ
software. As the nuclei of cells are labeled in blue, quantifications of the ER-mitochondria interactions per cell are suitable to perform. We
thoroughly validated this assay12, and we can conclude that these targeted proteins are good candidates to study ER-mitochondria interactions.
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Figure 2: Visualization of the VDAC1/IP3R1, GRP75/IP3R1 and CypD/IP3R1 Interactions by In Situ Proximity Ligation Assay in HuH7
Cells. Cell nuclei appear in blue, and interactions between the two targeted proteins are depicted in red (63X magnification; scale bar = 20 µm).
We show that VDAC1, GRP75, and CypD interact with IP3R1. As a negative control, we demonstrate that only one primary antibody does not
lead to red fluorescence. To validate the assay, several other controls have been performed to demonstrate that VDAC1, GRP75, and CypD do
not interact with other ER proteins and that IP3R1 does not interact with other mitochondrial proteins (data not shown, see ref. 9 and 13). Please
click here to view a larger version of this figure.

Discussion

Collectively, our studies indicate that the in situ proximity ligation assay is truly a relevant strategy to follow and quantify endogenous ER-
mitochondria interactions in fixed cells, without the need for using organelle-specific fluorophores or fluorescent proteins. The specific use of
VDAC1/IP3R1 antibodies has been adapted to study ER-mitochondria interactions in HuH7 cells. However, alternative isoforms of VDAC and
IP3R may be used, depending on the cell type. In this case, antibodies need to be validated by immunofluorescence before the proximity ligation
assay experiments in order to ensure specificity and to find the correct working dilutions. We also note that the dilution of antibodies needs to
be systematically adjusted when using a new proximity ligation assay kit or a new antibody batch. We chose to use in situ detection Texas red
reagents, but it is also possible to use reagents in other wavelengths or to use the HRP/Novared kit for bright-field detection. We used this option
to analyze ER-mitochondria interactions in paraffin-embedded liver samples16, enabling the visualization of ER-mitochondria interactions as red-
brownish dots, thus overcoming the difficulty of working on liver tissue that presents marked autofluorescence.

Compared to conventional imaging approaches6,7,17, the in situ proximity ligation assay18 avoids using organelle-specific fluorophores or
fluorescent proteins that could induce some artefacts. Furthermore, it offers improved selectivity because it requires dual recognition and
increased sensitivity. It includes DNA amplification as a component for detecting the target protein by using fluorescence microscope. Finally, the
procedure is fast, suitable for multiple-condition testing, reproducible, and consistent. Indeed, we systematically found very reproducible results
when targeting several pairs of proteins (VDAC/IP3R, GRP75/IP3R, CypD/IP3R) at the MAM interface or when using alternative strategies
(electron microscopy analysis, subcellular fractionation, or co-immunoprecipitation)12,13,16, strongly supporting the robustness of the technique
and its ability to monitor organelle coupling. Nevertheless, as some targeted proteins (e.g., VDAC and GRP75) have been reported to be present
in other intracellular structures19,20, we cannot completely exclude unspecific signals if IP3R is not far away from these structures. However,
co-localization studies of each targeted proteins with specific labeling of respective organelles have been performed in HuH7 cells12, and the
majority of the signal was merged in each case, suggesting that another localization of proteins, if present, is minor. Therefore, we recommend
that this possibility is tested in each investigated cell or tissue and that the proximity ligation assay is performed with the three pairs of antibodies
to totally confirm the results. In addition, the expression level of each targeted proteins should be investigated in each case to determine whether
the modulation of organelle proximity is linked to a structural modification or to variation in the expression levels of the targeted proteins.

Until now, the lack of adapted analytical methods has prevented dynamic monitoring of ER-mitochondria contact in health and disease. Now, we
think that the use of this in situ proximity ligation assay should allow a better understanding of the physiological regulation of ER-mitochondria
interactions, as well as of their role in pathological contexts.
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